The light microscopical localization of gamma-glutamyl transpeptidase (GGT) was studied in midgut tissues of the mussel Mytilus galloprovincialis Lmk (Mollusca, Bivalvia). The apical portion of the stomach epithelial cells showed an intense positive red coloration, particularly intense in the gastric shield region of the stomach, while the different portions of the intestine were negative. The red granular reaction product was also deposited in non-ciliated cells lining the collecting ducts and in cells lining some digestive tubules. In the latter, the reaction product showed a patchy distribution pattern and was apparently localized within basophilic cells. These results are discussed in connection with the involvement of GGT activity in various important metabolic pathways, specially in the process of extracellular digestion in bivalve molluscs.
Several lipophilic compounds are metabolized by the cytochrome P450-depehdent mixed function oxidase (MFO) system found mainly in the liver in vertebrates (27, 28) and also in the digestive gland or hepatopancreas of numerous invertebrates (2, 7, 14, 32) in a process referred to as phase I metabolism. The oxidative phase I metabolism of these compounds leads to the generation of certain electrophilic intermediates such as the diol epoxides that are chemically reactive and bind covalently to cellular macromolecules, including DNA, RNA and proteins (15, 31) . Hopefully, there are reactions, both enzymatic and non enzymatic, that result in the detoxification or deactivation of these potentially harmful intermediates via phase II metabolism. The most widely studied phase II reaction is started by glutathione-Stransferases which catalyze the formation of glutathione (GSH) conjugates, the first step in the biosynthesis of mercapturic acids (see reviews by Coles and Ketterer, 5, and Hayes et al., 9) . Gammaglutamyl transpeptidase or transferase (GGT, EC 2.3.2.2) catalyzes the second step of the mercapturic acid pathway, i.e., the removal and transfer of the gamma-glutamyl moiety of GSH or of its conjugates to acceptors: amino acids, certain dipeptides, water or GSH itself (20) .
To our knowledge, there are no studies dealing with the biochemical or histochemical demonstration and localization of GGT in invertebrates. Histochemical studies in mammals indicate substantial GGT activity in cells exhibiting secretory or absorptive functions (20) . The kidney exhibits the highest activity in adult rats followed by the exocrine pancreas (29) . GGT activity is also high in fetal rat liver but histochemically demonstrable GGT is lost a few days after birth, the enzyme remaining expressed only in the bile duct epithelium (12, 30) . In the kidney, GGT is an integral glycoprotein of the plasma membrane, localized in the brush border of cells lining the proximal convoluted tubules (16, 29) , with the active site of the enzyme facing to the luminal side of the renal tubules (11) . The GGT reaction product in small intestinal epithelium of the rat is also limited to the apical portions of the cells in the region of the brush border (12, 16) . This localization of the enzyme seems to be related to its function in the transport of amino acids into certain cells and GGT is considered as the key enzyme of the so called "gammaglutamyl cycle" which also accounts for the synthesis and degradation of GSH (18) (19) (20) . Thus, gammaglutamyl amino acids might be formed in or on the cell membrane through interaction of GGT, intracellular GSH and extracellular amino acids. After hydrolysis at the membrane, the amino acid products may be * To whom all correspondence should be addressed .
effectively transported into the cells (20) . This amino acid transport mechanism seems to occur mainly in the kidney and also in other organs (liver, intestine, pancreas) in mammals. Contrary to the distribution of GGT in the apex of kidney or intestine cells, GGT activity is limited to the cytoplasm in acinar cells of the rat pancreas (12) , with reaction product being deposited in the endoplasmic reticulum in the vicinity of the zymogen granules (29) . In addition, the pancreatic juice has high levels of GGT in several mammalian organisms (1) . In view of the lack of information about GGT biochemistry or histochemistry in molluscs or in other invertebrates, we applied the method of Rutenburg et al. (29) for the histochemical detection of GGT to the midgut of the mussel Mytilus galloprovincialis Lmk (Mollusca, Bivalvia), which is known to contain both phase I and phase II detoxification enzymes (14, 33). The present work reports on the distribution of the enzyme in the midgut tissues of mussels at the light microscopical level. The effects of petroleum hydrocarbons on the GGT activity of mussel digestive tubule cells and stomach cells have already been reported (3, 4) .
MATERIALS AND METHODS

Animals
Mytilus galloprovincialis individuals were collected from Menakoz, Bizkaia (43°24'N, 2°93'W) and transferred to the laboratory. Individuals (2.5-3.5 cm shell length) were maintained in 25-1 polyethylene covered tanks in an aerated thermostatized (15-16°C) semicontinuous water flow system with activated charcoal and glass-wool filtered natural seawater (Zierbena, Biscay). Mussels were maintained unfed for 10 days and afterwards, they were fed with a commercial filter-feeder food (Marine Invertebrate Diet, Hawaiian Marine Imports Inc., distributed by Carolina Ltd.) until needed for the different experiments.
Histochemistry
Small pieces of freshly excised mussel digestive gland were frozen using Bright Cryo-spray (dichlorodifluoromethane, -50/ -55°C) and stored at -26°C . Samples were then placed on aluminium cryostat specimen holders and embedded in Bright Cryo-M-Bed. Sections (9-10 rem) were cut in a Bright's cryostat (5030 microtome) at a cabinet temperature of -30°C.
Sections were collected on glass slides brought from room temperature and stored at -70°C until required for staining .
The histochemical reaction for gamma-glutamyl transpeptidase (GGT) was demonstrated as described by Rutenburg et al. (29) . Briefly, cryostat sections were incubated in a freshly prepared medium containing 1 ml of gamma-glutamyl-4-methoxy-2-naphthylamide (GMNA, 2.5 mg/ml), 10 mg glycyiglycine and 10 mg Fast Blue BB in 5 ml of Tris-HC1 buffer 0.1 M, pH 7.4 and 14 ml of saline (2.5% NaCI). Glycylglycine acts as an activator by providing an acceptor of the gamma-glutamyl group removed by the enzyme. For a better dissolution and conservation of the substrate, 2.5 mg GMNA were dissolved in 0.05 ml DMSO, 0.05 ml NaOH 1 N and 0.9 ml distilled water. This mixture was stable for 3 days at 4°C (29) or 3 months at -20°C (6) . All the chemicals were purchased from Sigma Co. The incubation was carried out at 25°C or 37°C for 5, 15, 25, 30, 60, 90 and 180 min. Some sections were fixed in Baker's formol calcium (+ 2.5% NaCI) for 10 min prior to the incubation while others were either not fixed or fixed after the incubation.
Following incubation, the tissues were rinsed in saline for 2 min and transferred to a 0.1 M solution of cupric sulphate for 2 min to generate an insoluble copper chelate of the forming azo dye (29) . Sections were then rinsed again in saline and in distilled water and mounted in Apathy's medium or in glycerine jelly. Additional sections were dehydrated quickly through an ascending ethanol or acetone series and mounted in DPX. The incubation in the cupric sulphate solution was omitted in some protocols.
Sections were observed and photographed in a Nikon "Optiphot" microscope with a HFx-II system. Controls Control reactions were carried out by using incubation media lacking GMNA or Fast Blue BB. Some tissue sections were heated in water for 10 min at 95°C to inhibit enzymatic reactions and incubated in the complete incubation medium. Additional tissue sections were incubated in the complete incubation medium containing 1 mM cupric sulphate, which inhibits 100% of the GGT reaction in fresh rat kidney homogenates (29) . tion is not influenced by omission of the incubation in the cupric sulphate solution.
The red GGT reaction product is deposited in the apical portion of the stomach cells (Fig. 1) . The reaction product is not distributed homogeneously all over the length of the stomach and the reaction is particularly intense at the gastric shield region (Fig. 2) . The gastric shield is a chitinous lining to a specialized region of the stomach against which the so called " crystalline style" rotates (21) . The rotation of the digestive enzyme-rich crystalline style against the gastric shield leads to an initial trituration and digestion of the food.
From the stomach arises a system of partially ciliated ducts that open into the digestive tubules, the structural units for the absorption and final intracellular digestion of food material in bivalve molluscs (21) . The ducts stain intensely for GGT (Figs. 1-3) , with the non-ciliated portion of the epithelium being more reactive than the ciliated portion (Fig. 3) . The staining of the digestive tubules is heterogeneous: some tubules are intensely reactive while others are only slightly reactive or completely negative (Figs. 1, 2, 4) . Furthermore, the reaction pattern is patchy in reactive digestive tubules and positive and negative cells are seen side by side within the same tubule. The negative cells are much more abundant and seem to correspond to digestive cells. The scarce positive cells, pyramidal in shape, could represent basophilic cells.
Other tissue elements such as connective tissue cells including muscle cells and cells lining the different portions of the intestine are negative. Gonad tissue cells appearing in the mantle tissue surrounding the midgut are also negative.
The reaction product is almost completely lost within one week after completion of the reaction in sections mounted in both glycerine jelly or Apathy's medium. The fading of the reaction product is even quicker (within 24 hr) in tissues not fixed prior to the incubation. The fading is retarded in sections stored at 4°C and the stomach cells retain the color reaction product longer than other reactive tissue elements. On the other hand, no reaction product is observed in sections dehydrated quickly through ethanol or acetone series and mounted in DPX.
There is no deposition of reaction product in control tissues incubated in media lacking GMNA or Fast Blue BB or in heat-inactivated tissues. However, tissues incubated in media containing 1 mM cupric sulphate exhibit bright red granular deposits in all positive sites with an intensity comparable to those found in tissues incubated without cupric sulphate.
DISCUSSION
The present report demonstrates the presence of significant GGT activity in midgut tissues of the marine mussel. However, long periods of incubation (up to 3 hr) are needed to achieve a conspicuous reaction for GGT. In the rat, incubations of 3-5 min are enough in tissues most active for GGT, such as the kidney and pancreas, while less reactive tissues require incubations of up to 45 min (29) . These differences suggest a lower GGT activity in mussel tissues as compared to that of rat tissues. The quicker lading of the reaction product observed in digestive tissues of mussels as compared to rat tissues (6, 29) is also possibly related to the lower GGT levels in mussels. Accordingly, Bend et al. (2) find considerably lower activities of glutathione-S-transferases and other enzyme activities in marine invertebrate than in marine vertebrate species. In general, the xenobiotic-metabolizing machinery, including that involving the P45o cytochrome system, is known to be less efficient in marine invertebrates than in vertebrates (14, 27).
Control tissues inactivated by heat or incubated without substrate or without diazonium salt show always non detectable GGT activities. However, the GGT reaction is conspicuous in tissues incubated in the presence of cupric sulphate. Rutenburg et al. (29) find that the GGT reaction is inhibited completely by cupric sulphate, as quantified colorimetrically with fresh rat kidney homogenates. The same authors do not report on the inhibitory effect of cupric sulphate on the histochemical reaction for GGT in rat tissues. Similarly, certain compounds such as aminochlorodihydroisoxazoleacetic acid do not completely inhibit GGT in vivo although they may do so in vitro (1) . The epithelium of the stomach is the most reactive site for GGT activity, reaction being specially intense at the gastric shield region. Strong acid phosphatase reactions and weaker reactions for nonspecific esterase and aminopeptidase have been described in the gastric shield of the bivalve Nucula sulcata (8) . On the other hand, the chitinous gastric shield of bivalves is known to be permeated by microcanals that transmit digestive enzymes from the stomach epithelium to the lumen (21), thus mediating in part the extracellular digestion of food. Our results suggest that GGT, together with other peptidases and digestive enzymes, could be one of the enzymes secreted into the stomach.
The red granular reaction product indicative of GGT activity is also found in the ducts, which communicate the stomach with the blind-ending digestive tubules. The information available about the structure and function of the duct system of bivalves is scarce (10, 13, 21, 25) but their ultrastructural morphology, similar to that of cells lining the gastric shield region of the stomach (22) , suggests a role in transmembrane transport for duct cells (unpublished observations). The presence of alkaline phosphatase (10) and GGT in these cells is in agreement with the latter hypothesis. In addition, the reaction for GGT is more intense in the non ciliated cells than in the ciliated cells of the ducts. This may indicate that cells in the non ciliated and ciliated portions of the ducts are functionally distinct.
In addition to stomach and duct cells, the GGT reaction product is localized in a number of digestive tubules. The distribution of the reaction product within the epithelium of the tubules is patchy with isolated reactive cells appearing interspersed among non reactive cells. This distribution pattern suggests that GGT activity occurs selectively within basophilic cells. The basophilic cells of bivalve molluscs are pyramidal in shape and contain a well-developed rough endoplasmic reticulum, a prominent Golgi complex and numerous apical secretory vesicles. Owen (23) (24) (25) underlines the striking similarity of bivalve basophilic cells with the protein secreting exocrine cell of the mammalian pancreas and several authors have postulated that the secretion of basophilic cells contains digestive enzymes such as proteases (17, 23, 26) . As reviewed by Morton (21) , the proteases produced by the basophilic cells seem to assist the hydrolysis of the crystalline style in the succeeding phase of extracellular digestion in the stomach.
In conclusion, the present study provides evidence that histochemically demonstrable glutamyl transpeptidase activity occurs in the epithelia of the stomach, ducts (mainly in the non-ciliated portion) and digestive tubules (apparently in basophilic cells) of marine mussels. Although further studies are required to elucidate the role of GGT. activity in these molluscan tissues, our data indicate that GGT may be secreted by stomach cells, duct cells and basophilic cells, thus participating in the extracellular digestion of food. The presence of a "gamma-glutamyl cycle" similar to that described in certain mammalian tissues and active in the transport of glutathione and amino acids (20) may also be envisaged in the above referred mussel tissues. Finally, the possible role GGT may play in the xenobiotic-detoxification metabolism in mussels (3, 4) remains to be studied more throughfully.
